Ni K-edge x-ray-absorption spectroscopy ͑XAS͒ measurements on a series of perovskite-layer-based nickelate compounds, with varying formal Ni valence, are presented. Spectral features that vary systematically with the Ni configuration are identified for these Ruddlesden-Popper phase and Sr substituted Ln 2Ϫx Sr x NiO 4 ͑LnϭLa and Nd͒ materials. Selected polarized XAS results on the La 2Ϫx Sr x NiO 4 system emphasize that a collapse of the Ni 4p -4p energy separation accompanies the substantial contraction of the apical Ni-O bond length in this series. In view of this, it is suggested that a displacement of the apical oxygen ͑O ab ͒ could play an important role in the small polarons previously proposed to form in this system. The polarized XAS results also provide evidence for in-plane character for the Ni-site component of the doped holes in this system. The XAS evidence supporting an increasing Ni d 7 ground-state admixture in these materials, with increasing formal Ni valence, is discussed. This discussion is couched in terms of simplified Ni d configuration modeling, which emphasizes the close energetic proximity of the Ni d 8 state to O p states in these systems.
INTRODUCTION
The La 2Ϫx Sr x NiO 4 system has been the focus of substantial interest recently. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Its Sr hole-doping-induced insulator-to-metal transition and status as the Ni analog of a prototypic Cu high-T C material make the understanding of its lack of superconductivity particularly important. [1] [2] [3] [4] [5] The phenomena of hole localization, through small polaron formation, and hole ordering have been explored, experimentally and theoretically, as possible mechanism for the suppression of superconductivity in this system. [1] [2] [3] [4] [5] Spectroscopic measurements probing the Ni d configuration on this important system have, however, been slow to emerge by virtue of the difficulty of preparing the single crystals in the relevant range of Sr doping. [6] [7] [8] [9] Recent Ni K edge x-ray absorption spectroscopy ͑XAS͒ measurements on the Ln 2Ϫx Sr x NiO 4 ͑LnϭLa and Nd͒ systems have lead to a number of observations regarding the doping-induced electronic modifications in these systems. First, the XAS results evidenced the introduction of Ni d holes upon Sr substitution. 6, 7 Second, the out-of-NiO 2 -plane Ni 4 p states were found to shift down dramatically in energy with higher levels of Sr hole doping. 6 Finally, interpretation of the Ni d state configuration in these materials was made based on the strong analogy of the spectral features to those in the Cu K edges in high-T C materials. 6 This generalization of the Cu d configuration interpretation entailed basically the replacement of the Cu d n state by the Ni d nϪ1 state at each stage of the discussion and followed the ideas of prior discussions of Ni-based systems. 8, 9 The competing Ni d configurations, within such treatments, were d 8 /d 9 L ϩ , where the L ϩ represents a charge transferred ligand hole. These treatments have emphasized the formally Ni 2ϩ d 8 starting point, at xϭ0.0, for this series. 6, 8, 9 The XAS study of Tan et al. 7 did postulate a d 7 component in this system; however, the edge shift, upon which they based their argument, was shown to be dominated by the Ni 4p -4p splitting collapse ͑rather than a chemical shift͒. 6 Moreover, heretofore no suggestion of how to overcome the large Coulomb energy ͑about 7 eV͒, 4, 5 needed to admix the d 7 state with the starting d 8 state, has been made. In the case of the formally Ni 3ϩ , LnNiO 3 ͑LnϭPr and Nd͒ compounds the d 7 state has been used as a starting point for both qualitative 12 and recent quantitative discussions. 13 The purpose of this paper is twofold. The first goal relates to hole-doping-induced changes in the anisotropy of the Ni-site electronic structure in the Ln 2Ϫx Sr x NiO 4 systems as evidenced by XAS results. These anisotropies are discussed in terms of the previously proposed small polaron formation and ordering in these materials. The second goal is to address the XAS evidence and the simplified theoretical model basis for the Ni d configuration variation, upon hole doping, in both the Ln 2Ϫx Sr x NiO 4 and related Ruddelsen-Popper ͑RP͒ materials. [15] [16] [17] [18] [19] To be more specific regarding the electronic anisotropies inferred in this work, the polarized XAS results provide direct evidence for the in-plane character of the doped holes, as expected on theoretical grounds. [1] [2] [3] [4] [5] However, the XAS results, along with previous structural results, suggest that the contraction of the Ni-apical-O bond length may play an important ͑and heretofore under appreciated͒ role in the small polaron formation in this system.
Regarding 3 and LaAlO 3 substrates by the pulsed laser deposition method as described in Refs. 6 and 21.
The XAS measurements were made in the fluorescence mode on beam line X-19A at the Brookhaven National Synchrotron Light Source. A double crystal Si͑220͒ or Si͑311͒ monochromater was used.
POLARIZED RESULTS: ELECTRONIC ANISOTROPIES
It is worthwhile to review briefly the context in which the anisotropies in the Ni K XAS results should be viewed. The interpretations of the recent observation of hole ordering in La 2Ϫx Sr x NiO 4 by Chen, Cheong, and Cooper, 1 Cheong et al., 2 and Tranquada et al. 3 invoke the strong electronphonon interaction of Anisimov et al. 4 to explain first the localization of the Sr-doped holes and then the ordering of these small polarons ͑hole plus Ni-site distortion͒. The specific distortion, proposed to be associated with these small polarons, is an in-plane breathing mode collapse about the hole site. 4 The work of Zaanen and Littlewood 5 has expanded on the interpolaron interaction and ordering effects. This in-plane distortion has in turn been intimately tied to the partial in-plane d x 2 Ϫy 2 character of the holes on the Ni sites. 4, 5 Figure 1 shows the polarized Ni K XAS spectra, taken for the beam polarization vector parallel and perpendicular to the crystalline c axis. The first spectral feature to be noted in these spectra is the small pre-edge ''a feature.'' This preedge feature is associated with quadrapole-allowed 1s→3d transitions and is observed to be systematically enhanced by Sr hole doping into the La 2Ϫx Sr x NiO 4 system. 6, 7 Indeed, as will be noted below, the a-feature enhancement is also seen under some alternate hole-doping conditions. The enhancement of the a-feature intensity has been interpreted as evidence for the presence of partial Ni d hole character in this system. 6, 7 Concomitant with this Ni d hole component, the enhancement of dipole contributions to the a feature ͑through the enhancement of d-p hybridization͒ in the doped materials was also suggested. 6, 7 In this discussion it is the anisotropy of the a feature that is focused upon.
In Fig. 2͑a͒ a blowup of the a-feature regions of the polarized spectra in Fig. 1 is presented. Inspection makes it clear that the a-feature enhancement is almost entirely due to the Ќc polarization, with the ʈ c, a feature remaining small and constant. This observation is quantitatively reflected in Fig. 2͑b͒ , where the areas of the polarized a features are plotted versus x. Thus, in view of the two-dimensional character of the a feature, this result indicates that the Ni-sitecomponent of the holes lies in the NiO 2 plane. This is consistent with the theoretical work where the holes have inplane d x 2 Ϫy 2 character. 4, 5 These arguments also suggest that any dipole contributions to the anisotropic a-feature enhancement should also involve increased in-plane, d-p hybridization upon hole doping. Interestingly, the model description, presented later in this paper, does suggest enhanced Ni d and O p hybridization upon hole doping in this system.
The main, peaklike features close to the Ni K edge are It is important to view the collapse of the 4p -4p splitting, observed in the XAS results, in the context of previous x-ray-diffraction studies of the structure of this series by Takada et al. 10, 11 Their refinements of the structure have clearly shown that Sr substitution induces a 13% decrease of the apical Ni-O bond length ͕d͑Ni-O ap ͖͒ and fails to modify in any substantial way ͑a 2% effect͒ the in-plane Ni-O bond length ͕d͑Ni-O in-plane ͖͒. 10, 11 The Ni K XAS results are in accord with the strong doping dependence of d͑Ni-O ap ͒. Namely, the Sr substitution-induced decrease of d͑Ni-O ap ͒, toward d͑Ni-O in-plane ͒, would naturally lead to the observed collapse of the E(4p -4p ) splitting. 6 Moreover, referring to Fig. 1 , the Ni 4 p B feature can be seen to broaden and lose intensity upon Sr substitution. These effects are consistent with the Ni 4p state being hybridization broadened and having a decreased matrix element ͑core 1s overlap͒ in response to the d͑Ni-O ap ͒ contraction.
Thus both the XAS results and the x-ray-diffraction results of Takada et al. 10, 11 emphasize that the primary response in the NiO 6 moiety to hole doping is the substantial contraction of the d͑Ni-O ap ͒ bond length. This, combined with the nearly doping-independent d͑Ni-O in-plane ͒ bond length, suggests that a relevant component of the polaronic distortion dressing of the localized holes could be a d͑Ni-O ap ͒ contraction.
The in-plane character of the holes, which our results support, involves in-plane charge modifications and should couple most strongly to an in-plane distortion. The size of a distortion certainly does depend directly on the magnitude of the forcing function; however, it also depends inversely on the magnitude of the elastic ͑spring͒ constant. The strongly bonded Ni-O in-plane bonds are substantially more rigid than the weaker Ni-O ap bonds. 14 Thus a partial distortive response could occur in the apical direction, despite the in-plane character of the doping charge.
The proposal of this Ni-O ap polaron component is based purely on experimental grounds. At the very least these results suggest empirically that the in-plane polaronic distortion would likely be accompanied by a potentially larger Ni-O ap displacement.
Finally, it is interesting to note that a robust Ni-O ap component to the polarons ͑as proposed here͒ provides a direct mechanism for interplane coupling of the in-plane charge ordering. Specifically, the strongest three-dimensional ordering occurs at xϭ0.33, where a proposed absence of holes on adjacent rows allows a registry of the hole ordering between planes, whereas at xϭ0.5, where the hole lattice would be fully occupied, frustration between the planes appears to induce a more two-dimensional ordering.
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Ni K XAS POWDER RESULTS: d CONFIGURATION COUPLED FEATURES
From the standpoint of crystal chemistry the doping strategies typically used in varying the properties of high-T C related systems often attempt to vary the formal transition metal (T) valence. Spectroscopic investigations have invariably been interpreted in terms of a much smaller T-d configuration doping response than expected from the simple formal valence variations. 22, 23 Such discussions involve the strong ligand site character in the doped charge, which couples to the T-d state through hybridization. 22, 23 It is therefore necessary to scrutinize carefully the spectral signatures of varying d state occupancy as a function of formal Ni valence.
In Fig. 3 Ni K edge XAS spectra, for a series of related Ni-based materials with varying formal valence, are shown. The RP materials have the formula ͕͓LaO͔͓LaNiO 3 ͔ n ͖ ͑n ϭ1,2,3,ϱ͒ and consist of n perovskite planes separated by NaCl-type ͓LaO͔ layers. 15 With the usual rules the ͓LaO͔ ϩ1 layers dope the Ni layers, yielding a formal Ni valence (v f ) given by
In the La 2Ϫx Sr x NiO 4 system, the hole doping is achieved by Sr 2ϩ for La 3ϩ substitution into the nϭ1 RP phase and one has v f ϭ2ϩx.
The spectra of Fig. 3 were collected on polycrystalline samples. Despite the averaging over anisotropic features involved with such powder results, two clear and consistent changes, with increasing formal Ni valence, can be identified. Namely, the small pre-edge a feature generally increases in intensity as the formal Ni valence increases and the intensity of the broad C feature also seems to mirror the formal Ni valence variation. The strong and anisotropic contributions to the B feature were noted above and make its formal valence coupling more difficult to discern.
As noted above, the a-feature increase was cited in the past, for the Ln 2Ϫx Sr x NiO 4 system, as evidence for the doping-induced creation of Ni d holes. 6, 7 Thus the general continuity of this effect for the RP-based materials suggests a continuity of the increase in Ni d hole count ͑along with the increase of d-p hybridization͒, with increasing v f , in these perovskite-based materials. The general enhancement of the a features in the RP series is illustrated by the expanded scale inset in Fig. 3 . Despite the multiple site and transition matrix element variations between compounds, the overall trend is clear. This trend is underscored in Fig. 4͑a͒ , where the integrated area of the a feature in the RP compounds and the Ln 2Ϫx Sr x NiO 4 ͑LnϭLa and Nd͒ systems 6 is plotted versus formal Ni valence. Indeed, with the errors involved in the area estimation, there is good agreement in the v f dependence of the a area in these systems.
The B and C features in these Ni K spectra are ascribed to final Ni 4p states, respectively associated with differing 4 , with RϭLa and Nd, materials for which v f ϭ2ϩx and the RP phase materials for which v f ϭ3Ϫ1/n. Note that the a and C features were extracted using a spline fit smoothly connecting the spectra on either side of the feature as a background estimate. The error bar indicates the approximate systematic and random errors in the analysis procedure.
to Referring to Fig. 3 , it should be noted that the C feature is barely discernible near the v f ϭ2 limit ͑i.e., the nϭ1 compound͒, becomes generally more intense as the formal Ni valence (v f ) increases, and is most robust in the LaSrNiO 4 material. This correlation of the intensity of the C feature with the formal Ni valence increase is certainly consistent with the association of this feature with a ''higher d hole'' 4 p replicate state. The quantitative dependence of the C-feature intensity on the formal Ni valence is illustrated in Fig. 4͑b͒ . The quantitative coupling of the C-feature intensity to v f is clear form the data. The fact that the RP and Sr hole-doping mechanisms appear to induce differing rates of C-feature change with v f should be noted. This could indicate a differing ͑weaker͒ Ni d character for the holes in the pure RP phases as compared to the Sr-doped nϭ1 system. On the other hand, it could also indicate that the transition matrix element, to the 4 p state, in the Sr-doped system is enhanced relative to that in the pure RP phases. Leaving this issue open, the rest of this paper concentrates on the Srdoping case, where the formal Ni valence-coupled spectral changes are more pronounced.
Ni d CONFIGURATION DISCUSSION
Previous spectroscopic work on Ln 2Ϫx Sr x NiO 4 systems emphasized a strong analogy to the cuprate systems and was discussed in terms of the same sort of cluster model interpretations. [6] [7] [8] [9] Basically these discussions involved the replacement of the Cu d n configuration with the Ni d nϪ1 in interpreting the spectroscopic features. The merits of this approach lay in the strong similarity of the XAS spectra of the Cu and Ni compounds, the very large body of literature on Cu-based systems supporting the cluster model technique, and the apparently consistent picture, within this methodology, between Cu-and Ni-based systems ͑see Ref. 6͒ states͒. Indeed, according to theory, 4, 5 it is the smallness of this energy separation ͑ϭUϪ⌬͒ that leads to the electronphonon enhancement in the nickel compounds. The role of the smallness of the energy will be discussed at greater length below. If one proceeds in analogy to the Cu model, one works with the two-level model shown in Fig. 5͑b͒ and a Ni configurational matrix and ground state of ͑again assuming the hybridization t͒ 
RESULTS
Certainly the simplest application of these model ideas to the La 2Ϫx Sr x NiO 4 system involves the assumption that, on the time scale of the XAS measurements, the material appears as a static array of doped hole Ni sites in a background of undoped material. The known ordering of the holes into a true static array makes this slow hopping assumption seem very reasonable. Proceeding with this interpretation, the xϭ0, stoichiometric O, pure system is assumed to have essentially zero d 7 state admixture, in accordance with previous spectroscopic arguments. This means that the model regime of Fig. 5͑b͒ and Eq. ͑1͒ are relevant for the xϭ0 undoped background case. Moreover, since the ⌬ excitation energy is larger than in the cuprate material, the a weight in the ground state should be substantially less in this nickelate system. This would suggest a nearly d 8 ground state in this limit ͓i.e., that bϷ1 and aϷ0 in Eq. ͑1͔͒.
Within this interpretation one further assumes that on a hole-doped Ni site the model Ni d 8 state is vacated ͑in the absence of hybridization͒ and shifted in energy to above the O p states. Within the model, the hole site is transformed to the Fig. 5͑c͒ schematic regime and 
ALTERNATE Ni MODEL EXTENSION
The above model discussion invokes a fundamental change in the Ni d configuration at the Ni hole sites. A second scenario can also be envisioned, which again involves smallness of the Ni d 8 and O p energy difference , but does not involve the substantial Ni d 8 energy shift at the hole sites. In this scheme ͑see Fig. 6͒ For clarity some development of this model extension is made here; however, additional spectroscopic and theoretical work are required to judge its merits relative to the simpler interpretation above. In Fig. 6 the schematic of Fig. 5͑b͒ Fig. 6͒ at the energy . The effective hybridization matrix element for the new Ni d to O p transition will be designated t f . Here the t part arises from the similar overlap integral as before and the f part is a reduction-factor weighting due to the restricted fractional number of final O p hole states available. ͑Conventionally, the matrix element t has been used when creating a hole in the filled O p orbitals, so that the final-state availability was unrestricted.͒ Technically, in this extension, the O p holes should also reduce the effective transition matrix element between the d 8 and d 9 L ϩ states to the renormalized expression (1Ϫ f )t; however, this effect should be secondary. Thus the effective configurational model now becomes
with the ground state ͉g͑Ni͒͘ϭa͉d 
CONCLUSION
Interestingly, the XAS results presented here provide evidence for both in-and out-of-NiO 2 -plane electronic structure responses to hole doping in the ͑La,Sr͒ 2 NiO 4 system. While evidencing in-plane d character for the Ni site component of the holes, at the same time a dramatic lowering of the outof-plane Ni 4 p states is observed upon doping. The in-plane component to the holes is as expected within the theoretical background of Anisimov et al. 4 and Zaanen and Littlewood. 5 On the other hand, the out-of-plane Ni 4 p state energy shift and the structure results of Takada et al. 10, 11 suggest that the apical, Ni-O ap bond length change could in fact play an important role in the small polaron formation and could facilitate interplane coupling of the in-plane hole ordering. This is at odds with the purely in-plane, breathing polaron assumed within the theory and a critical theoretical consideration of this proposal is necessary.
The Ni d configurational model introduced here involves 
